ABBREVIATIONS ASIA = American Spinal Injury Association; CTV = clinical tumor volume; GTV = gross tumor volume; MESCC = malignant epidural spinal cord compression; PRV = planning risk volume; PTV = planning target volume; RT = radiation therapy; RTOG = Radiation Therapy Oncology Group; SBRT = stereotactic body radiation therapy. OBJECTIVE Although postoperative stereotactic body radiation therapy (SBRT) for spinal metastases is increasingly performed, few guidelines exist for this application. The purpose of this study is to develop consensus guidelines to promote safe and effective treatment for patients with spinal metastases. METHODS Fifteen radiation oncologists and 5 neurosurgeons, representing 19 centers in 4 countries and having a collective experience of more than 1300 postoperative spine SBRT cases, completed a 19-question survey about postoperative spine SBRT practice. Responses were defined as follows: 1) consensus: selected by ≥ 75% of respondents; 2) predominant: selected by 50% of respondents or more; and 3) controversial: no single response selected by a majority of respondents. RESULTS Consensus treatment indications included: radioresistant primary, 1-2 levels of adjacent disease, and previous radiation therapy. Contraindications included: involvement of more than 3 contiguous vertebral bodies, ASIA Grade A status (complete spinal cord injury without preservation of motor or sensory function), and postoperative Bilsky Grade 3 residual (cord compression without any CSF around the cord). For treatment planning, co-registration of the preoperative MRI and postoperative T1-weighted MRI (with or without gadolinium) and delineation of the cord on the T2-weighted MRI (and/or CT myelogram in cases of significant hardware artifact) were predominant. Consensus GTV (gross tumor ©AANS, 2017 
E vidEncE of spinal metastases may be found in as many as 90% of cancer patients 20, 36 upon autopsy, and 40% of patients with metastatic disease will present with clinically evident spinal metastases. 18 Treatment options for patients with spinal metastases are dependent on individual patient circumstances, but include systemic therapy, radiation therapy (RT), surgery, and surgery plus RT.
The role of surgery for patients with malignant epidural spinal cord compression (MESCC) was clarified by a randomized controlled study comparing the efficacy of RT alone to decompressive surgery plus RT. The RT was administered using conventional 3D treatment planning to a dose of 30 Gy in 10 fractions. Patients in the surgical arm had significant benefits with respect to the duration of ambulatory function, decreased use of corticosteroids and opioid analgesics, and longer overall survival. As a result, in a highly select group of patients with a single area of symptomatic MESCC, 25 decompressive surgery followed by RT is considered the standard of care. More recently, combined surgery and RT was shown to substantially enhance quality of life in a prospective, multicenter study. 8 Surgery is also considered in patients with mechanical instability. Several researchers have attempted to classify degrees of instability. Most recently, the Spinal Instability Neoplastic Score (SINS) 9 has emerged as a validated scale of instability to guide surgical decision making.
The goals of surgery are tumor debulking, neural decompression, and spine stability, but surgery alone is not typically suited to achieve durable local control. Rates of local recurrence with surgery and heterogeneous adjuvant therapy, including radiation, chemotherapy, and/or hormone therapy, are as high as 70% at 1 year and 96% at 4 years. 17 To reduce this risk, patients have historically been treated with conventional RT, often over a 2-to 3-week period, and radiation following surgery is considered the standard of care. When standard 3D techniques are used, the spinal canal receives the full prescription radiation dose, which must be safe with respect to spinal cord injury and, hence, not necessarily efficacious with respect to maximizing local tumor control. As a result, local recurrence rates following conventional RT remain as high as 34%. 7, 8, 13, 15, 25, 28 Over the past decade, significant advances have been made to allow precise delivery of RT using stereotactic techniques with submillimeter accuracy. Stereotactic body radiation therapy (SBRT) allows safe delivery of higher biologically equivalent doses in fewer fractions. Data from retrospective and prospective studies suggest that spinal SBRT for intact vertebral metastases is associated with high rates of local control with a low risk of marginal failure even in radioresistant histologies. 1, 5, 11, 16, 27, 30 NRG Oncology/RTOG (Radiation Therapy Oncology Group) 0631 ("Image-Guided Radiosurgery or Stereotactic Body Radiation Therapy in Treating Patients With Localized Spine Metastasis," clinicaltrials.gov identifier NCT00922974) is an ongoing randomized controlled trial comparing spinal SBRT with conventional radiation therapy. Formal consensus guidelines have been developed to guide the treatment of intact vertebral bodies. 6 The practice of spinal SBRT in postoperative patients is similarly growing, and data are emerging to suggest that outcomes with this technique may be superior to those achieved with conventional RT. 2, 3, 12, 19, 22, 24, 27, 33, 34 In contrast to the situation with spine SBRT for intact vertebral metastases, however, there are presently few recommendations to guide the use of SBRT for spinal metastases after spinal surgery. The approach is technically challenging, and there are numerous considerations unique to the postoperative spine patient. The purpose of this study was to develop international consensus guidelines to help guide safe practice in this emerging field.
volume) was the postoperative residual tumor based on MRI. Predominant CTV (clinical tumor volume) practice was to include the postoperative bed defined as the entire extent of preoperative tumor, the relevant anatomical compartment and any residual disease. Consensus was achieved with respect to not including the surgical hardware and incision in the CTV. PTV (planning tumor volume) expansion was controversial, ranging from 0 to 2 mm. The spinal cord avoidance structure was predominantly the true cord. Circumferential treatment of the epidural space and margin for paraspinal extension was controversial. Prescription doses and spinal cord tolerances based on clinical scenario, neurological compromise, and prior overlapping treatments were controversial, but reasonable ranges are presented. Fifty percent of those surveyed practiced an integrated boost to areas of residual tumor and density override for hardware within the beam path. Acceptable PTV coverage was controversial, but consensus was achieved with respect to compromising coverage to meet cord constraint and fractionation to improve coverage while meeting cord constraint. CONCLUSIONS The consensus by spinal radiosurgery experts suggests that postoperative SBRT is indicated for radioresistant primary lesions, disease confined to 1-2 vertebral levels, and/or prior overlapping radiotherapy. The GTV is the postoperative residual tumor, and the CTV is the postoperative bed defined as the entire extent of preoperative tumor and anatomical compartment plus residual disease. Hardware and scar do not need to be included in CTV. While predominant agreement was reached about treatment planning and definition of organs at risk, future investigation will be critical in better understanding areas of controversy, including whether circumferential treatment of the epidural space is necessary, management of paraspinal extension, and the optimal dose fractionation schedules.
Methods
Twenty spine oncology specialists representing 19 centers in the US, Canada, Germany, and Korea completed a 19-question survey about postoperative spine SBRT practice. Participants were selected based on prior publications in spine SBRT as well as the volume of postoperative spine SBRT patient treated in clinical practice. Questions were asked regarding the following topics: indications and contraindications of postoperative spine SBRT; grade of postoperative residual epidural disease that is appropriate for SBRT; image selection and fusion into radiation treatment planning systems; gross tumor volume (GTV), clinical target volume (CTV), planning target volume (PTV) delineation; cord avoidance structure and whether it should be subtracted from PTV; situations warranting circumferential treatment of the epidural space; management of paraspinal extension; dose and fractionation schedules in various clinical scenarios as manually entered by respondents into a table; spinal cord constraint in various treatment scenarios; accounting for repair in selecting a spinal cord constraint in the retreatment setting; use of an integrated boost to areas of gross disease within the CTV; accounting for dose perturbation and artifact in the setting of spinal instrumentation; use of RTOG-approved treatment planning algorithms; acceptable PTV coverage; and the approach if unable to meet the target PTV coverage while meeting normal tissue constraints. The full survey is available online in the Appendix.
Responses were defined as follows: 1) consensus: selected by at least 75% of respondents; 2) predominant: selected by at least 50% of respondents; 3) controversial: no single response selected by a majority of respondents. Descriptive statistics were used to review results.
Results
Fifteen radiation oncologists and five neurosurgeons with a collective experience of more than 1300 postoperative spine SBRT cases (range 20 to more than 100 cases) completed the survey. The mean time in practice for the providers who completed the survey was 14.7 years (range 5-30 years). The consensus indications and contraindications for postoperative spine SBRT are outlined in Table 1 .
Image Fusion, Target Volume, and Organ at Risk Delineation
For target volume delineation, the predominance of providers co-register the preoperative MRI and postoperative T1-weighted MRI (obtained with and/or without gadolinium) to the CT simulation. In addition, for spinal cord delineation either T2-weighted MRI or a CT myelogram, in cases of significant hardware artifact, is similarly co-registered.
The consensus GTV is the postoperative residual tumor based on MRI. The predominance of providers delineate the CTV as the postoperative tumor bed (defined as the entire extent of preoperative tumor), relevant anatomical compartment, and any residual disease. With reconstitution of the thecal sac, the CTV margin is the thecal sac rather than the previously compressed dura, as tumor rarely violates this barrier. The consensus is that the surgical instrumentation and incision do not need to be included in the CTV unless believed to be specifically at risk due to the surgical approach or direct involvement by tumor. Circumferential treatment of the epidural space as depicted in Fig. 1 was controversial. The PTV expansion ranges from 0 to 2 mm, and the margin for paraspinal extension was controversial, ranging from no additional expansion up to a 5-mm expansion in these regions.
The consensus spinal cord is the true cord based on either T2-weighted MRI or the CT myelogram. For the spinal cord planning risk volume (PRV), the predominance of providers use the true spinal cord, although the practice varies and many use a 1.5-2 mm expansion from the true cord or the thecal sac without expansion. The predominance of providers subtract the spinal cord PRV from their PTV expansion. Table 2 outlines delineation of the target volume and spinal cord avoidance structures for postoperative spine SBRT, and Fig. 2 shows a sample treatment plan for a patient with an L-1 metastasis who has undergone surgical decompression and stabilization.
Dose/Fractionation Schedules, Spinal Cord Constraints, and Target Volume Coverage
Prescription doses and fractionation schedules were controversial. For re-irradiation following a previous course of irradiation, providers predominantly account for repair and the time interval between prior RT and spinal SBRT in calculating cord constraints. Common dose and fractionation schemes for various clinical situations are presented in Table 3 .
Exactly half of the providers who completed the survey use an integrated boost to areas of residual tumor. For patients with radiosensitive tumors, sample integrated boost doses to the GTV were 16-22 Gy in a single fraction. For patients with radioresistant tumors, sample integrated boost doses to the GTV were 18-25 Gy in a single fraction or 50 Gy in 5 fractions. In addition, exactly half of the providers use a density override for hardware within the beam path. The consensus was that a treatment planning algorithm approved by the RTOG for calculation of dose within a medium with heterogeneities should be used for all postoperative spine SBRT cases. Example algorithms are shown in Table 4 .
Spinal cord constraints for the cord PRV were also controversial, but common schemes according to the fractionation schedule and prior radiation doses are provided in Table 5 . Accounting for the time between initial treatment and retreatment in determining spinal cord constraints is controversial. While there is no common algorithm to account for repair, the predominance of providers use more conservative spinal cord constraints in previously irradiated patients. Acceptable PTV coverage is controversial. Regarding dosimetric target, most of the respondents indicated that their preference was for 90% of the prescription dose to cover 90% of the PTV, but the majority of those who indicated a different preference aimed to have 95%-100% of the prescription dose cover 95% of the PTV. The predominance of participating providers indicated that they will compromise PTV coverage to meet spinal cord constraints and/or fractionate the prescription dose further to improve coverage while meeting the spinal cord constraint.
Discussion
The standard of care in patients with good performance status, oligo-metastatic disease, and vertebral metastases causing instability or MESCC with neurological deficits is surgical decompression and/or stabilization followed by RT. Historically, conventional radiation techniques using simple parallel opposed anteroposterior/posteroanterior treatment fields have been used. Unfortunately, because all normal structures within the beam's path receive the full dose, the prescription must be limited to respect the radiation tolerance of the spinal cord. As a result, the rate of local recurrence is high. With improvements in systemic therapy, including targeted agents and immunotherapy, survivorship in patients with metastatic cancer is increasing, and as a result, durable local control following surgical management of spine metastases has become critical. Management of recurrent disease in a previously treated vertebra is also challenging and associated with a high risk of permanent neurological sequelae, resulting in both a significant degradation in patients' quality of life as well as an exponential increase in healthcare costs.
Over the past decade, advances in technology, including on-board image guidance, micro-multileaf collimation, robotic technology, and highly reproducible immobilization devices, have allowed the emergence of SBRT techniques that deliver RT with submillimeter accuracy. As a result, it is now possible to use ablative high biologically equivalent doses to tumors in the spinal column and paravertebral space while respecting the tolerance of the immediately adjacent critical normal tissues. Numerous studies have demonstrated excellent rates of local control in patients with metastases in intact vertebral bodies. 1, 5, 11, 16, 27, 30 The practice has become the standard of care at many institutions for patients with oligometastatic disease, and consensus contouring guidelines have been published. 6 Emerging data suggest comparable efficacy in the postoperative setting, 2, 3, 12, 19, 22, 24, 27, 33, 34 and the practice has been increasingly used in both academic and private practice settings. Nonetheless, few guidelines exist to promote safe and effective application of this emerging technology.
This survey of an international group of spine oncology specialists was designed to develop guidelines to promote safe and effective practice. While high-quality prospective data will be essential to further develop this emerging field, we present a summary of the current practice of a group of experienced providers to serve as a foundation. The consensus is that spine SBRT is appropriate in the postoperative setting in patients with limited disease, radioresistant tumors, or for salvage following failure of conventional RT. The target volume should include the entire extent of preoperative tumor and the involved anatomical compartment plus the postoperative residual, in a manner consistent with the consensus contouring guidelines for intact vertebral metastases 6 but applied to the postoperative setting. This is supported by recent patterns of failure analysis, which found that the location of preoperative epidural disease was more predictive of subsequent failure than the sites of residual epidural disease postoperatively. 4 Several controversies remain, including circumferential treatment of the epidural space as well as the appropriate margin in patients with soft tissue and paraspinal involvement. While future investigations will be critical in clarifying these concepts, we report many areas of consistency independently adapted by experienced spine oncology specialists driven by their clinical experience and outcomes.
The optimal prescription dose for spine SBRT also remains controversial. Advocates of single-fraction treatment tout potentially higher rates of local control than are achieved with multiple-fraction management, 2, 19, 24 perhaps as a result of activation of alternative pathways of cell death, including the sphingomyelinase pathway, 10 that manage to overcome the hypoxia-induced resistance paramount to the postoperative setting where tissues are de-vascularized. Proponents of hypofractionated doses criticize the retrospective data for unbalanced patient populations where higher risk patients are by necessity treated more frequently with fractionated treatment plans to respect normal tissue tolerances while covering the larger at-risk target volume than patients with lower risk disease. Accordingly, the higher rates of local control following singlefraction treatment in retrospective series may simply reflect better outcomes in patients with less aggressive disease. 14, 29 In addition, fractionation closes the difference between normal tissue constraints and tumoricidal doses, allowing better coverage of the target volume in the epidural space, the region well established to be at the highest risk of local failure. 2, 19 We summarize reasonable prescription doses and target volume coverage expectations to serve as an important reference to guide practice in the absence of more definitive data. As the body of literature supporting spine SBRT continues to grow, standardization of the reporting of prescription doses will become increasingly important to allow for better understanding of potential dose/response relationships. Specifically, in addition to the prescription dose to the GTV, CTV, and PTV, reporting of dosimetric indices of under-coverage such as the V 95% , V 90% , V 80% , and D 95% , D 90% , D 85% , and D 80% is recommended. It may be that upon further standardization we will learn that the variations in prescription doses across studies reflects differences in reporting and institutional standards in plan evaluation rather than in the actual dose received by the target volumes.
Accurate delineation of the spinal cord avoidance structure is paramount to the safe utilization of spine SBRT. This is often complicated in the postoperative patient in whom surgical instrumentation leads to significant hardware artifact. We highlight the importance of precise spinal cord delineation using T2-weighted MRI and/or CT myelography. Furthermore, we report accepted spinal cord tolerances for spine SBRT in the postoperative patient, based on the number of fractions, presence of spinal cord compromise, and exposure to prior radiation. It remains unclear whether these spinal cord constraints should be applied to the true spinal cord or a spinal cord PRV, typically spine cord plus a 1.5-2 mm expansion. Proponents of using the true spinal cord note that this practice allows the greater coverage of the epidural space which is the region at highest risk for recurrence. Those who apply the same dose constraints to a spinal cord PRV retort that this more conservative practice better accounts for errors with set-up, physiological spinal cord motion, and errors in CT/myelogram/MRI fusion. Future investigations will be critical in answering these questions; however, we provide guidelines to promote safe practice in the absence of decisive prospective data.
Finally, treatment planning for SBRT in the postoperative setting is complicated by the presence of surgical D max = maximum point dose. * The 10% criterion uses the spinal cord volume 5-6 mm above and below the target volume. Note that these constraints are intended as a summary of practice patterns of experienced spine specialists. However, these constraints are not data driven. They should be utilized with caution and may not be applicable to all clinical scenarios. Evidence-based constraints have been previously published by Sahgal et al. 31, 32 and are cited here as a reference for the interested reader.
hardware leading to electron backscatter and photon attenuation. This may not be accurately captured in standard treatment planning algorithms. 21, 23, 26, 35 We highlight the importance of employing techniques to calculate dose within a heterogeneous medium and provide a list of algorithms approved by the legacy RTOG.
Conclusions
This survey of an international group of spine oncology specialists was designed to assist in the development of safe and effective practice recommendations regarding the use of postoperative spine SBRT. There is consensus that postoperative SBRT may be indicated for circumstances of: 1) radioresistant primary histology, 2) disease that is confined to 1-2 vertebral levels, and 3) prior overlapping or adjacent conventional RT. Moreover, the consensus opinion was that postoperative spinal SBRT is contraindicated in circumstances of residual postoperative severe spinal cord compression (Bilsky Grade 3), complete spinal cord injury (ASIA Grade A), and when more than 3 contiguous vertebral levels are involved. For treatment planning, the preoperative MRI and postoperative T1-weighted MRI (with and without gadolinium) should be co-registered and delineation of the cord should be performed using co-registered T1-and/or T2-weighted MRI or a CT myelogram in cases of significant hardware artifact. The GTV is the postoperative residual tumor based on MRI, and the CTV is the postoperative bed defined as the entire extent of preoperative tumor and the involved anatomical compartment plus residual disease. Hardware and scar do not need to be included in CTV. While predominant agreement was reached about treatment planning and definition of organs at risk, future investigation will be critical in better understanding areas of controversy, including whether circumferential treatment of the epidural space is necessary, management of paraspinal extension, and optimal dose fractionation schedules.
